Introduction
In quasi-elastic reactions nuclei enter into contact through the tail of their density distributions and nucleon transfer processes take place in between levels close to the Fermi surfaces of the donor and acceptor. At large distances between the centers of the interacting nuclei the reaction mechanism conditions are much simplif ed compared to those near the strong absorption radius. Nuclei are only slightly inf uenced by the nuclear potential and follow almost pure Coulomb trajectories. Excitation energies are restricted to few MeV and absorption is reduced to a small contribution. These peculiar conditions should in principle allow to extract more quantitative information on the mechanism of multiple transfer processes, for example on the relative contribution of single particle and more complex degrees of freedom which include nucleon-nucleon correlations [1] . Very scarse studies have been performed so far in reactions with heavy ions, for known experimental and theoretical difficulties.
In the very low energy domain the nuclear couplings are dominated by one particle transfer processes, the corresponding form factors having a decay length of ∼ 1.3 fm which is related to the binding energy of the transferred nucleon. In 16 O+ 208 Pb [2] it has been shown that the two nucleon transfer is dominated by a successive mechanism. In an analysis [3] which includes the 14 C+ 124 Sn, 138 Ba systems, it has been discussed how the successive mechanism displays the same type of constructive coherence as the simultaneous transfer and leading to similar enhancements a e-mail: corradi@lnl.infn.it of the calculated cross sections with respect to pure conf gurations. These enhancements are a measure of the sensitivity of two-nucleon transfer reactions to pairing correlations.
One expects that the successive mechanism dominates also in multinucleon transfer processes, in particular in reactions with heavier ions. The analysis of inclusive heavy ion transfer data obtained at energies slightly above the Coulomb barrier [4] evidenced how neutron pick-up channels are reasonably well described by assuming an independent particle transfer mechanism [5] [6] [7] . To describe the behaviour of the full experimental isotopic yields including proton transfers one needs to include other degrees of freedom, like pair modes [8, 9] . These modes, introduced in a macroscopic way [10] , seem more required for protons than for neutrons, qualitatively explained by the fact that the one neutron transfer has an order of magnitude larger cross section than the one proton transfer and therefore the possible contribution of a pair mode is likely to be masked in the successive process. The conclusions are based on studies mainly performed close to the grazing angle, which corresponds to interaction distances where absorption is signif cant. Moreover, excitation energies are non negligible and other complex effects, like nucleon evaporation, complicate the transfer mechanism. Thus, we found of great interest to perform a study well below the barrier where, as said before, the conditions are much simplif ed.
Measurements of transfer yields in the same range of distances between the interacting nuclei can be done either via an angular distribution at a f xed bombarding energy or via an excitation function at a f xed angle. The two EPJ Web of Conferences methods should be equivalent provided the Q-value ranges probed in each transfer channel are similar. In direct kinematics transfer at very large distances corresponds to the forward part of the angular distribution, and the overhelming yield of elastically scattered particles often prevents to identify transfer channels, especially isotopes of the projectile. On the other hand, at energies below the barrier measurements of heavy-ion transfer reactions have signifcant technical difficulties and this is why available data are extremely scarse or almost not existing. Angular distributions result, in the center of mass frame, in a strong backward peaking. The absolute yield gets very small, therefore high efficiency is required. At the same time, mass and nuclear charge resolutions must be maintained at a level sufficient to distinguish the different reaction channels. In most cases the projectile has a signif cant fraction of the target mass, leaving the backscattered projectile-like fragment with such a low energy that usual identif cation techniques become invalid. To partly overcome this problem with heavy ions, two methods have been employed so far, one that identif es the (heavy) target recoils at zero degree with recoil mass spectrometers [11, 12] and another making use of inverse kinematics, detecting the lighter targetlike particles with a magnetic spectrometer at very forward angles [13, 14] . One serious limitation of the f rst method is the very low energy resolution of the detected ions, with cross sections obtained integrating a broad Q-value range. With the second method one obtains much better nuclear charge and Q-value resolutions, but the small solid angle of conventional spectrometers limits statistical accuracy at sub-Coulomb energies.
We here discuss part of the the results of a f rst subbarrier transfer measurement performed in the 40 Ca+ 96 Zr system in inverse kinematics with the PRISMA spectrometer [15] which overcomes the mentioned limitations. Projectile and target are closed or near-closed shell nuclei for both neutrons and protons, thus representing a good reference for a quantitative comparison with theoretical calculations. This experimental and theoretical environment provides very suitable conditions for a proper study of the mechanism of multiple transfer processes.
The experiment
We measured an excitation function making use of a 96 Zr beam delivered from the XTU-Tandem + ALPI accelerator of LNL with average currents of ∼ 1 pnA onto a 50 µg/cm For each ALPI energy measurements have been performed at two additional energies by placing in front of the Ca targets one and two C-foils with a thickness of 85 
µg/cm
2 each, in such a way to degrade the 96 Zr beam by about 6 and 12 MeV, respectively. So, a complete excitation function has been measured from the Coulomb barrier (334 MeV) to ≃ 25% below, measuring the transfer yields down to ∼ 15.5 fm of distance of closest approach.
Absolute normalization of cross sections and normalizations between different runs have been ensured by two SSBD monitor detectors placed at θ lab = 55
• and θ lab = 60
• with respect to beam direction and at a distance of ∼ 40 cm from the target. The monitors detected the Rutherford scattered Ca-like (as well as 19 F and 12 C) recoils. Ca-like recoils have been detected at θ lab =20
• , corresponding to θ cm ≃ 140
• , with the PRISMA spectrometer. The use of inverse kinematics and the detection at very forward angles, allowed to have, at the same time, enough kinetic energy of the outgoing recoils (for energy and therefore mass resolution) and forward focused angular distribution (high efficiency).
Experimental results
In Fig. 1 is shown an example of two-dimensional plot velocity (reconstructed via time-of-f ight) vs in-plane scattering angle. One sees the events corresponding to Ca-like recoils as well as the curved shapes corresponding to Zr-like ions entering into PRISMA. In fact, the magnetic f elds set to bring the Ca-ions with maximum yield near the center of the focal plane area, allow part of the Zr ejectiles to enter into the spectrometer.
Full identif cation in mass (A), nuclear charge (Z) and Q-value of transfer reaction products has been achieved. Nuclear charge Z is obtained through the measurement of energy loss ∆E and total energy E in the ionization cham- Fig. 2 . Mass distributions for pure neutron transfer channels obtained in the reaction 96 Zr+ 40 Ca at the indicated bombarding energies. Ca-like recoils have been detected at θ lab =20
• with the PRISMA spectrometer. The obtained resolution is ∆A/A ∼ 1/150, which allows to clearly separate the different isotopes.
ber located at the focal plane. Proton transfer yields at subbarrier energies drop off very rapidly thus in this work we discuss pure neutron transfer channels where sufficient statistics has been achieved. Mass identif cation is based on an event-by-event reconstruction of the ion trajectory inside the magnetic elements, through the measurement of entrance (microchannelplate) and exit (multiwire parallelplate) detector positions and time-of-f ight [16] . In the reconstruction procedure a simplif ed and fast algorithm has been used, based on the assumption that the trajectory is planar after the quadrupole (longitudinal dimension of PRISMA much larger than the transversal one) and that the fringing f elds can be neglected (large dimensions of the magnetic elements).
Mass spectra at representative energies are shown in Fig. 2 , where a clear separation of different isotopes is visible. At energies close to the Coulomb barrier we observe the population of more than four neutron pick-up channels, while at sub-barrier energies only one or at most two neutron transfers survive. A signif cant transfer yield could be detected at the level of 10 −4 with respect to the elastic channel. The differential cross sections are obtained taking into account the geometry of monitor and PRISMA detectors and assuming an energy and mass independent ion transmission through the spectrometer. This assumption, validated by a tracing code [17] , is well justif ed in the present experiment as we are dealing with pure neutron transfer channels which, at sub-Coulomb energies, have narrow Q-value distributions weakly dependent on isotope and well within the acceptance of the spectrometer.
The spectra of the neutron pick-up channels, whose ground to ground state Q-values are Q +1n gs =+0.14 MeV and Q +2n gs =+5.6 MeV, peak at their optimum Q-values, which is close to zero for neutron transfers. The larger Total Kinetic Energy Loss (TKEL) components which are present at above the barrier, ref ecting the onset of deep inelastic processes, disappear below the barrier. Here the distributions get narrower, indicating the damping of excitation energy in the binary partners, and display little dependence both in the position of the centroid and in the shape. 42 Ca has been populated via two neutron pick-up channels in 40 Ca+ 208 Pb [9] and 40 Ca+ 96 Zr [16] reactions at energies slightly above the barrier. The TKEL spectra, peaking at similar values as in the present experiment, leave unpopulated the ground states. This is compatible with the analysis of γ-particle coincidences [16] , which shows that most of the transfer f ux is in the excited states leaving a very small contribution of direct population to the ground to ground states. It has been suggested [18] that the strong population at TKEL ∼6 MeV in 42 Ca does not only ref ect optimum Q-value arguments but can be an effect of structure.
Transfer probabilities
Making use of semiclassical conditions, we can extract the transfer probability P tr as function of the distance of closest approach D, with P tr def ned as the ratio of transfer cross sections to the elastic one. Such a simplif ed way to phenomenologically describe the trend of cross sections is useful to combine in a single plot values extracted via angular distributions or excitation functions and has been frequently used to compare single and multiple transfers of nucleons [19] [20] [21] . This representation is signif cant only if semiclassical conditions are fullf lled and one deals with (almost) pure Coulomb trajectories. The here studied case well fulf lls these requirements, with the further advantage that the Q-value distributions at the measured sub-barrier energies are quite narrow and corresponding to few MeV of excitation energy. We here remind that slopes smaller than predicted were found for two [22] or more [14] nucleon transfer, where the origin of the discrepancies was attributed to the breakdown of semiclassical conditions [23] . On the contrary, in the few cases where measurements have been performed below the Coulomb barrier no anomaly in the slope behaviour has been clearly identif ed [12, 22] .
At large ion-ion separation the radial behaviour of the form factor is governed by the exponential form of the bound-state wave function and P tr is approximated by :
where the parameter α is related to the binding energy E b of the transferred nucleon, α = (2mE b ) 1/2 , and D(θ), for a Coulomb trajectory, is given by:
The excitation functions (or angular distributions) of transfer processes vs the distance of closest approach D are thus represented (in a semi-logarithmic plot) by straight lines with a slope -α. Such behaviour is independent on the way in which transfer proceeds, as a successive process or as a "simultaneous" transfer.
The plot of P tr is shown in Fig. 3 for the +1n, +2n and +3n transfer channels, together with the solid lines which 08004-p.3 Fig. 3 . Transfer probabilities P tr as function of the distance of closest approach D for neutron transfer channels. Points are the experimental data (red: +1n, violet: +2n, blue: +3n, green: +4n), lines are f t with straight lines, according to eq. (1). In the f t we excluded the points corresponding to the highest measured energies where absorption starts to be signif cant.
are the results of the f tting procedure. Data for the +4n channel are available only at the highest energies, therefore a reliable f t could not be performed. The extracted experimental slopes well agree well with those predicted by the binding energies.
Given the correct behaviour of P tr and keeping in mind the simplif ed assumptions mentioned before, we can make a phenomenological analysis which compares the probabilities for transfer channels with those expected from an independent particle transfer mechanism. It turns out that P +2n tr ∼ 3 × (P +1n tr ) 2 and P +3n tr ∼ P +1n tr × P +2n tr . Moreover, even if data for the +4n channel could be measured only at the highest energies, the absolute values are consistent with P +4n tr ∼ (P +2n tr ) 2 . The extracted numbers correspond to slopes which are the average over unresolved excited states of the donor and acceptor nuclei and must be therefore taken with caution, however it turns out that the transfer of even number of neutrons exhibits an enhancement. Whether this ref ects some important physical effect or is simply the result of a very crude estimation cannot be concluded and one has to properly compare the data with theory. A microscopic analysis based on semiclassical theory is discussed in [24] .
